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Characterizing interactions in fine magnetic particle systems
using first order reversal curves
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We demonstrate a powerful and practical method of characterizing interactions in fine magnetic
particle systems utilizing a class of hysteresis curves known as first order reversal curves. This
method is tested on samples of highly dispersed magnetic particles, where it leads to a more detailed
understanding of interactions than has previously been possible. In a quantitative comparison
between this method and th#M method, which is based on the Wohlfarth relation, our method
provides a more precise measure of the strength of the interactions. Our method also has the
advantage that it can be used to decouple the effects of the mean interaction field from the effects
of local interaction field variance. @999 American Institute of Physics.
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I. INTRODUCTION field. This field is ramped down to a reversal fiedd . The
o . . . FORC consists of a measurement of the magnetization as the
Magnetic interactions between particles are a major de;.

) . : . ) . field is then increased frorkl, back up to saturation. The
terminant of noise levels in magnetic recording media. The

. 3 o . magnetization at applied field,, on the FORC with reversal
conventional methods® of characterizing magnetic interac- _ t H. is denoted bvyM(H. H here Ho=H. A
tions utilize isothermal remanent magnetizati®RM) and IF;(())I%C da' 'I[s'b ?”0? q fy g a,thb), w zre b/d o? vative:
dc demagnetization remanen@CD) curves, and are based Istribution IS defined as the mixed second derivative:
on the Wohlfartf relation. The most important among these 5
methods is theSM method®® In this paper, an alternative (Ha Ho)=— 9°M(Hq ,Hy) R
approach is described which employs first order reversal a7b/ ™ IHoH,
curves(FORCS.” A typical set of FORCs is shown in Fig. 1.

The structure present in this set of curves is not readily apwhere this is well defined only fad,>H, .
parent, but it can be emphasized with a mixed second deriva- when a FORC distribution is plotted, it is convenient to
tive as described more formally below. In this fashion, thechange coordinates froniH, ,Hy} to {H.=(Hp,—H,.)/2,
FORCs of Fig. 1 can be transformed into the contour plot o4 =(H_+ Hp)/2}. A FORC diagram is a contour plot of a
Fig. 2, which we will refer to as a FORC diagratithere are  FORC distribution withH, and H, on the horizontal and
obvious similarities between a FORC diagram and a Preisacfiertical axes, respectively. Sineg,>H,, thenH,>0, and a
diagram® but there are also important distinctions, which we FoRrC diagram is confined to the right side half plane. As
discuss in Appendix A. shown below, when the basic Preisach model is uskds
We have developed a practical technique for measuringquivalent to a particle coercivity ard, to a local interac-
and calculating accurate FORC diagrams. This technique r&ion field.
quires thousands of data points, and, until recently, would  Tg evaluate a FORC diagram, first the boundaries of the
have been impractical. However, with the advent of a comgesired diagram in thel., H, plane are selected. The rever-
merCia”y available, automated alternating field gradientsa| field of the first FORCHaJ_a is calculated from the co-
magnetometet, the acquisition of a FORC diagram is a ordinates of the upper left comer of the diagréin., H,,
straightforward task, requiring only a couple of hours for=(H,—H_.)]; the reversal field of the last FORE®l .y, is

data collection and analysis. calculated from the bottom right corner; ahdFORCs are
measured with evenly spaced reversal fields between and in-
II. EVALUATION OF A FORC DIAGRAM cluding Hy; andH,y. The data points on each individual

o . FORC are measured with this same field spacing. The same
~ The measurement of a FORC, as shown in Fig. 3, beging,eraging time is used in the measurement of every data
with the saturation of the sample by a large positive appllecboint_ In choosing\, the number of FORCs to be measured,
there is a tradeoff between the resolution of the FORC dia-
3Electronic mail: pike@geology.ucdavis.edu gram and data acquisition time. We have found tHat99
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FIG. 3. Definition of a FORC. The measurement of a FORC begins with the
saturation of the sample by a large positive field. This field is ramped down
to a reversal field,. The FORC consists of a measurement of the magne-
FIG. 1. A set of first order reversal curvéSORCS for a piece of a typical  tization as the field is then increased frd#y back up to saturation. The
floppy magnetic recording disk. magnetization aH, on the FORC with reversal poirt, is denoted by
M(H,,Hy).

yields a reasonable resolution in an acquisition time between

1and 2 h. emphasize the differences between the Kodak samples, we
To calculatep(H,,H,) we use consecutive data points also acquired FORC diagrams for a smaller region of the

from consecutive reversal curves in an array such as th@ORC plane, as shown in Fig. 6 for a 1.5% and 9% sample.

shown in Fig. 4. We fit the magnetization at these points withEach FORC diagram required a separate measurement of 99

a polynomial surface of the forna; +a,H,+ a3H§+ azHp FORC:s. Since the diagrams in Fig. 6 have a smaller size, the

+agH3+agH,H,; then —ag is taken as the value of 99 FORCs used to evaluate them had a smaller field spacing

p(Hga,Hp) at the center of the array. The number of data(1 mT) than those used to calculate Fig.(% mT), which

points contained in this array is t8F+1)?, where SF is provides for a greater resolution.

referred to as the “smoothing factor” and can be set between

3 for a WeII-beha\_/ed _sample and 10 for a noisy sampley, THEORETICAL MODELS

Numerical effects inevitably smooth out somewhat the fea-

tures of a FORC distribution; the degree of smoothing in- A FORC diagram contains a large amount of informa-

creases with the value of SF. In practice, one tries to use théon, but this information is of little use if it cannot be cor-

smallest value of SF possible, while keeping noise on dectly interpreted. To facilitate our interpretation of these

FORC diagram to acceptable levels. The FORC diagrams iiagrams, we can study the FORC diagrams associated with

this paper were evaluated with SB. theoretical models. This will permit us to assign interpreta-
tions to the features we see on experimental diagrams. There-
IIl. EXPERIMENTAL RESULTS fore, below we calculate FORC distributions for some simple

o theoretical models.
FORC distributions were measured for a sample of mag-

netic recording material from a typical floppy disk and for A- Noninteracting single domain particles

samples of highly dispersed, single domain magnetic par-  Qur first model consists of a collection of noninteracting
ticles prepared by Eastman Kodak Company Research Lab@ingle domain, particles. The magnetic behavior of an indi-
ratories at four concentrations of: 1.5%, 3%, 6% and 9% ofiqyal single domain particle can, to a good approximation,
magnetic material by mass. As far as it was possible to compe represented as the sum of a reversible component and a
trol, the concentration of particles and, hence, the proximitysquare hysteresis loop. In the noninteracting case, the revers-
of particles to each other, was the only parameter allowed tghle component will vanish when the second derivative in
vary between samples. Eq. (1) is taken and can be ignored. The half width of the

FORC diagrams for the floppy disk material and for asquare loop is termed a particle’s switching field. A collec-
1.5% Kodak sample are shown in Figs. 2 and 5, respectivelftion of particles can be represented by a distribution of
The averaging time spend at each data point was 0.4 s. T&witching fieldsf(Hgy;Hgy>0), where [5dx f(x)=1. To

AM(AmM?2)
20
=
E0
E =
-20 = LR
20 60 i (mT) 100 140 /

FIG. 2. A FORC diagram for a floppy disk sample. Calculated from 99 FIG. 4. A subset of seven consecutive FORCs from Fig. 1. The circled
FORCs of which the data in Fig. 1 are a subset. points are a X7 array of data points evenly spacedHn andH,, .
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FIG. 5. FORC diagram for a 1.5% Kodak sample. Field spacing: 3 mT.

calculate the magnetization on a FORC, we start with a satu-
rating positive applied field, so all the particles have a posi-

tive orientation. AtH,, particles with switching fields in the
range G<Hg,<—H, have switched to negative; when the
field is increased tdH,,, particles in the rangél,<Hg,<
—H, will remain negative. Thudvl (H,,H,) can be written

MaX[O,*Ha]
M(HayHb):l_ZJ dHgy f(Hgw)- )
Max[OHp ,—H,]
The first derivative oM (H,,H) with respect taH,, is:
dM(H,,Hp)/dH,=2f(Hp) for O<Hp<—H,,
=0 for —H <H,,
which can be written as
dM(Ha Hp)/dHp=2f(H,) 0(—Ha—Hp) 6(Hp), ()

where 4(x) is the step function which equals 0 fex 0 and
1 for x=0. The derivative ofd(x) is 5(x), whered(x) is a
delta function. The derivative of EB) with respect tdH, is

9*M(Ha Hp)

p(Ha, Hy) == —

=2f(Hy)8(Ha+Hp) 0(Hp).
(4)

(@) 1.5%llI

-

Hy (mT)

1
-

80 140

Hy (mT) 2

L
=

FIG. 6. FORC diagram for(a) 1.5% and(b) 9% Kodak samples. Field
spacing: 1 mT.
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FIG. 7. FORC diagrams for a system of single domain particles in three
models:(a) noninteracting model(b) mean interaction field model witk
=+6, and(c) mean interaction field model withk=—6 (ug,=120 and
ag=0.4).

Changing coordinates, we get p(H.,H,)
=2f(H.)8(H,)0(H,). Hence, this theoreticgl(H.,H,) is
a positive-valued delta function located on tHg=0 axis,
for H.>0.

To illustrate the properties of this model, we used &j.
to calculate points on 99 FORCs, and from this set of theo-
retical FORC data we calculated the FORC diagram shown
in Fig. 7(a). A lognormal function was used fdi(H,) with
a logarithmic meaf? u,= 120 and a logarithmic variant®
o= 0.4. The distribution in Fig. (& is highly peaked on
the H,=0 axis, which is characteristic of a noninteracting
system. The small vertical spread that is present can be at-
tributed to numerical smoothing effects. In an experimental
measurement of a FORC distribution, some vertical spread
will always be present due to numerical effects, even in the
absence of interactions. However, as we will show, the
FORC distribution of a real sample with interactiofesg.,
Fig. 2) will have a greater spread than can be attributed to
numerical smoothing alone.

B. Single domain patrticles with interactions: The
basic Preisach model

There does not exist an accurate physical model of in-
teracting magnetic particles that is practical for calculations.
However, as a simplification, the above-described model can
be combined with a local interaction field which is assumed
to be constant at a given particle site but which varies ran-
domly from site to site. This interaction field is also assumed
to be aligned with the applied field. The distribution of in-
teraction field values is denoted lgyH;,;), whereg is sym-
metric aboutH;,=0 andf” _.dH;,g(H;,) =1. It is also as-
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M(Ha,Hp)

Max{0,~[H+kM(H)1}
:1—2f dHg,f(Hgw)-

Max{O[Hp+kM(Hg Hp), — (HatkM(HZ) 1}

(7)

Using the samé(H,,), FORC diagrams were calculated for
k=+6 and —6 [Figs. 1b) and 7c)]. Addition of a mean
field has two effects. First, the peak of the distribution is
FIG. 8. FORC diagram for a system of interacting single domain particlesdlsp.lfjlced off thet, =0 aXIS:. the displacement I.S dqwn for
modeled with the basic Preisach model,= 120, o= 0.4, ando;=9). positive k and u_p for negativex. S_e_cond, the dlreCt!qn of

contour elongation now has a positive slope for positive val-

ues ofk, and a negative slope for negative values.dflow-

ever, the mean field does not increase the vertical spread of
sumed that there is no correlation between the switching fielthe distribution. It is therefore possible to distinguish the
and the interaction field: This model has been referred to asffect of a mean interaction field from that of local interac-

60 100 HC 140 180

the basic Preisach model. tion field variance, which was modeled by the basic Preisach
Again, all particles begin in a positive orientation. At model.

H,, particles for whichH,+H;,<—H, have switched to In a mean field model, the reversible component of the

negative[this can be writtenH;, < — (Hg,+H,)]. At Hy, magnetization can no longer be ignoredg(H) denotes the

particles for which Hy+H;,) <Hsg, will remain switched reversible magnetization in the absence of interactions, then
[giving H;,w<<(Hgy— Hp)]. In summary, a particle will have a the termq(H+ kM) should be added to the right hand side
negative orientation atl, if H;, satisfies both of these in- of Egs. (6) and (7). We repeated our calculations using a
equalities, that is:Hy<Min[—(Hg,+H,),(Hsw—Hp)]. realistic reversible componentg(H)=ArcTan(H/1200)/

Thus, (7/2). It appears that the effect of a reversible component is
- to shift the peak location slightly to the left on a FORC

M(Haqu)zl_Zf dHg, f(Hgy diagram. The statements made above regarding the model’s
0 results remain valid with this shift.

dHint9(Hin).  (9) D. Single domain particles with interactions: The
moving Preisach model
Using the same approach described in Sec. IVA, and
using Eg. (5) for M(H,,Hp), it can be show that
p(H:. ,H)=2f(H.)g(H,). Hence, in the basic Preisach
model, a FORC distributiop(H,H,) is equivalent to the

Min[ — (Hgyt+Ha),(Hgy—Hp)]
X

—0o

We next combine the basic Preisach model with a mean
interaction field; this has been referred to as the moving Prei-
sach modet! M(H,) is given by the implicit integral:

distribution of particlesf(Hg,)g(H;) through a simple *

mapping ofH. to H,,, andH, to H;,;. The vertical spread M(Ha)= 1_2J’0 dHsw f(Hsw)

on the FORC diagram is a manifestation of the variance in

the distribution of interaction fieldg.e., g(H,)]. y J*[st”a*k'\"“*a)]dH_ F(H, ) ®
Ninety-nine FORCs were calculated using E5).to ob- e nt AT nt

tain Fig. 8. We used the same lognormal distributi¢Hl )

as above, and a normal distribution fg(H;.;), with stan-
dard deviationo;,;=9.0. The large vertical spread in Fig. 8,
as compared with Fig.(@), is due to the presence of a ran-
domly varying local interaction field.

andM(H,,H;) is given by
M(Ha!Hb):l_zfo dHgy f(Hsw)

fMin{—[HSW+Ha+kM(Ha)],HSW—Hb—kM(Ha Hp)}

C. Single domain particles with interactions: The % dH-: )
mean field model AHinc 9(Hin)- ©
Using the same distribution functions as above, a FORC dia-

gram was evaluated fde=+6 (Fig. 9). The introduction of

a mean field has moved the peak of the distribution in Fig. 9
below theH =0 axis and has given the direction of contour
elongation a positive slope, in agreement with the results for
the above-described mean field mofiete Fig. Tb)]. Note

To examine a different type of complexity, a mean in-
teraction fieldkM was added to the noninteracting model. If
the magnetization on the upp@tescendinghalf of the ma-
jor hysteresis loop is denoted bW (H,), then M(H,) is
given by the implicit integral

Max{0,—[Ho+kM(H)1} that a dark region, which represents negative values, occurs

M(Ha)=1—2fo dHswf(Hsw),  (6)  at the bottom of Fig. 9. The presence of negative values for
p(H.,H,) may be surprising, but there is no mathematical

andM(H,,Hy) on a FORC is given by reason why they are prohibited. In the basic Preisach model,
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indicates the presence of a randomly varying local interac-
tion field. The displacement of the distribution peak below
the H,=0 axis and a positive slope of the line of contour
elongation are both indicative of a positive mean interaction
' 1 field. Based on these criteria, we can infer that in the floppy
: disk sample a substantial random local field and positive
mean field are presefiFig. 2).
To test these interpretations, we define the following
quantitative characterizations of FORC distributions: Peak
ol 100 Hc 148 180 H. and PeakH, denote the coordinates of the distribution
FIG. 9. FORC diagram for a system of interacting single domain particle peak'Hm.(HC) denotes a Curve. passing through the distribu-
modeled by the moving Preisach model witk +6 (ug,= 120, og,= 0.4, Tion maXIm,um at eachl, coqrdlpatgﬂHm/dHc denotes the
and o, =9). slope of this curve at the distribution pealq,, denotes the
half width of the distribution peak on a vertical cross section
passing throughd .= PeakH..
the distribution of particlesp(H;,H,) is related to Values for the floppy and Kodak samples are compared
f(Hswa(Hiny through a one-to-one mapping Hf; to Hg,, in Table I. The half width of the FORC distributions was
andH, to H,;;. In this case, negative values pfH.,H,) smallest for the 1.5% Kodak sample, as would be expected
cannot occur. However, in the moving Preisach model, théor a highly dispersed particle system. The half width is 29%
relationship is no longer a one-to-one mapping; rathergreater for the 9% Kodak sample and 91% larger for the
p(H¢,Hy) is a nonlocal function of (Hg,)g(H;,) that can  floppy disk. To enable a more accurate comparison between
take negative values even thouffHs,)9(H;y) is always the Kodak samples, we have used higher resolution FORC
positive. Detailed measurements have, in fact, shown thaliagrams of the type shown in Fig. 6 to define an additional
negative values occur in the FORC distribution of the floppymeasure of vertical spread:
disk below and to the left of the region shown in Fig. 2.

Finally, we have repeated our moving Preisach model ffdH.d HUMP[HC,HU—Hm(HC)]
calculation with the addition of the same reversible compo- R hgt
nent described earlier. Again, the primary effect is a inghtAHUE ffdH.dH, p[H¢,Hy,—Hp(Ho)] . (10
shift of the distribution peak to the left. The statements made R

above remain valid in the presence of this shift. where R is the rectangular region encompassed by Fig. 6

(i.e.,, 71.6 mMEH <144.5 mT,—12.15<H ,<12.15 m7 and
V. COMPARISON OF THEORY AND EXPERIMENT where hgt is the vertical height of the regidtl[i.e., hgt

These simplified models provide us with a framework =24.3 mT]. Defined in this fashionAH, will equal 0 for a

samples. As we have shown, a vertical spread of the contout§€d on theH, axis. A highly consistent progression of in-
creasingAH, with increasing particle concentration is ob-

served(Table )), in agreement with our theoretical models.
TABLE I. Measurements obtained with FORC distributions aitd,, . The slope of the line of contour elongatidid,,/dH, is
greatest for the floppy disk, which indicates a stronger mean
interaction field in this sampledH,,/dH, values for the
Kodak samples increased consistently, for the most part,
floppy 875 -4.0 0.061 202 - 0295 yjth increasing concentration. These findings confirm the va-
151 100.0 0.687  0.00692 - 0.7187 0.216 . . . i o
lidity of the above-described theoretical framework in inter-

PeakH. PeakH P
Sample  (mT) (MT)  dHy/dHS pp (MT® AHSE  AM,

151 99.3 0.636 0.00767 10.6 0.7133 0.214

150 99.2 0636 000711 -~ 07178 0215 Preting experimental FORC data.

301 103.2 0.648  0.00894 - 0.738  0.220 The PealH , values for the Kodak sampléFable ) are
3010 1037 0.638  0.00890 0.7359 0.222 more difficult to understand. The mean interaction field
som 1021 0641 000869  --- 07385 0216  mge| indicates that a positive mean field should result in a
601 1025 0.609  0.0119 oo 077l 0.228 e iacement of the distribution peak below tHe=0 axis
601 102.4 0.609  0.0110 0.7692 0.228 = : -
601l 100.7 0571  0.0126 0.7741 0227 Qiving a negative Peal,, as was true for the floppy disk
9.0 101.0 0.579  0.0120 13.7  0.7827 0.231 (Fig. 2). However, the peaks of the Kodak samples are dis-
9.0l 1015 0501  0.0154 0.7811 0.231  placed slightly above thel ;=0 axis(Fig. 6), giving a posi-

8PeakH, is theH. coordinate of the distribution peak. tive PeakH,. ThIS_, ma.y occur because during a.FQRC.: mea-
bpeakH,, is theH, coordinate of the distribution peak. surement, more time is spent at the r_eversal p@intin Fig.

°dH,, /dH, is the slope oH (H,) at the distribution peak, wheid,(H;)  3) than at any of the subsequent points on a FORC. Due to
is a curve passing through the maximum value of the distribution at eacimagnetic viscosity effects, the additional time spent here is

He coordinate. = o _ equivalent to a slight negative shift in the effective value of
ilgelzkt:e.half width of the distribution in a cross section throudp H,, which leads to a small upward offset of the FORC dis-
®AH, calculated with Eq(10). tribution. This effect is quite small, but because the mean
8M,, is the magnitude of the negativaM (H) peak. interaction field in the Kodak samples is also small, it be-
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which produce the narrow Gaussian distribution, and a popu-
lation of small particle clusterperhaps couplets or tripléts
Within these clusters, there is a strong, but localized, inter-
action which produces the wider Gaussian distribution.
Another feature of the Kodak sample FORC diagrams
demonstrates a weakness of the Preisach model. Let us de-
fine the median point of a contour loop as the intersection of
a vertical line that crosses the loop where its vertical spread
- - P o - is greatest, and a horizontal line that crosses the loop where
30 20 10 4, (mT) 10 20 30 its horizontal spread is greatest. For the Preisach m@lg!
8), the median points coincide; we can say the contours are
FIG. 10. Cross section of the FORC distribution of a 1.5% Kodak sampleconcemric. This is a consequence of the fact that, in the
evaluated atl;=106.6 mT. Preisach model, the interaction field and switching fields are
uncorrelated. However, in Figs. 5 and 6 the median point
shifts to the left as one moves from the inner to the outer

tentionally addig a 9 spause at the reversal point. This contours. This implies that the switching field and interaction

pause produces a further upward shift in the FORC distribuﬁeld are correlated:_ a strong_ interacftion is correlated with an
tion. It appears, therefore, that our experimental FORC dis€ffective decrease in the switching field. We suggest the me-

tributions have a small, but systematic upward offset. Howdian coercivity associated with the inner contours in Fig. 6

ever, increasing particle concentration should still push th&€Orresponds to the switching field of isolated particles, and

H, coordinate of the distribution peak downward, and this isth@t the median of the outer contours corresponds to an ef-

observed experimentallfTable ). The fact that the distribu- fective switching field of particles that occur in small clus-
tion peak for the floppy diskFig. 2) is displaced below the €rs. _ o
H,=0 axis indicates that interactions in this material have N mostwork on Preisach-type models, it is assumed that

completely overcome the small upward displacement due tl:pere is a Gaussian distribution of interaction fields, and that
viscosity effects. the switching field and interaction field distributions are un-

Closer analysis of FORC diagrams makes possible gorrelated. The above results indicate that these assumptions

more detailed characterization of interactions in the highly2™® invalid, at least in highly dispersed samples.
dispersed Kodak samples. The inner contour loops of the
Kodak FORC diagrams, in.particular' the 1.5% sqnﬁﬁlig. VI. COMPARISON WITH THE 6M METHOD
6(a)], are highly elongated in the horizontal direction. Com-
parison with the noninteracting modgFig. 7(a)] suggests Magnetic interactions can also be characterized using the
that these samples contain a large fraction of isolated, nearlgM method. TheSM curve is calculated by comparing IRM
noninteracting particles. In Fig. 10, a vertical cross sectiorand DCD curves, where the later starts at negative saturation.
through the peak of 1.5% Kodak sample FORC distributionFor a single domain, noninteracting system, the Wohlfarth
is plotted. The cross section is strongly peaked neaiHthe equality® predicts that:
=0 axis. The narrow width of this peak and its proximity to * _
the H,=0 axis indicate that a large fraction of the particles 27 IRM(H)/Ms=[1+DCD(H)/M;s]. (D
are unaffected by interactions, as would be expected for where M is the saturation remanence. For a system of
highly dispersed sample. The small positive offset of thesingle domain particles, any deviation from equality can be
peak in Fig. 10 is probably due to the above-described visattributed to interactionsoM is defined as the difference
cosity effects. between the two sides of E¢L1):

Examination of the _overall FORC_ distrib_ution of the SM(H)=2*IRM(H)/M — 1— DCD(H)/M .,
1.5% Kodak sample indicates that while the inner contours
[Fig. 6(@)] are extremely narrow, the outer contour loops where H=0. (12

(E Ig.bS) are more hsprezd .out8verT’|]caIIy.hTh|s contrzsts W'thHence, in the absence of interactio®/ will equal zero.
the basic Preisach modg#ig. 8) where the inner and outer hen theéM curve falls entirely below the horizontal axis,

contours have the same shape, and the floppy disk samp esystem is said to have negative interactifres, the inter-

(Fig. 2) where all the contours have roughly the same PrO%5ctions destabilize the saturation remangndhen thesM

portions. The cross section in Fig. 10 enables a better un_deEUrve lies above the horizontal axis, this indicates positive

standlndg of \.lel the ogtﬁ_rhcogtogrspm_ F'g'hS h:vle this Ninteractions. In cases where the curve crosses the horizontal
gease_ ve(rjt_ma_bsp_rea 'f 1€ basic ref'_sellg ”;]O e aSS“T]eaﬂs, interpretation is more difficult. In practice, a small re-
aussian distribution of Interaction fields, however, thegy o) magnetizatioM , can remain after demagnetization

cross-sectional distribution shown in Fig. 10 is not consisten{NhiCh can distort the results. EGL2) can be improved to
with a Gaussian distribution. The distribution in Fig. 10 can count for the residual magnetization:

be better described as the sum of a narrow and a wide Gauss-
ian distribution. This observation suggests that these highly, . « [IRM(H) =M ]/ M
dispersed samples consist of two somewhat distinct popuIaéM(H)_ 1-DCD(H)/Ms+2 (1-M /My

tions of particles: a population of well-isolated particles, (13

o (Am2/ mT?)

— 1.5% Data
- - Gaussian fit

comes observable. This hypothesis has been verified by i
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VIl. CONCLUSIONS
1.5% Il
9% I
floppy disk

We have demonstrated a practical technique for charac-
terizing interacting single domain magnetic particle systems
using FORC diagrams. The method has been tested on
samples of highly dispersed particles and the results indicate
that it provides a more precise measure of interaction
strength than the more commonly usé&ld method. Further-
more, this method decouples the effects of the mean interac-
tion field and local interaction field variance, which thi!
method does not. For example, it was shown that a sample of

o)
§ typical floppy disk magnetic recording material, which has a
%%@ ' negativeéM curve, actually has a positive mean interaction
0.3 ' : ' fold, ’ P
0 50 H (1r?1(1)') 150 200 In addition, FORC diagrams can be used to obtain a

more detailed understanding of magnetic interactions in
FIG. 11. 5M curves for a typical floppy disk sample and the 1.5% and 9% highly dispersed particle systems than was previously pos-
Kodak samples, calculated with EQ.3). sible. In particular, for the Kodak 1.5% sample, we find that

there are two distinct populations of particles: a population

of well-isolated particles and a population of small particle

All of our samples produced negative interactidfgy.  clusters. The switching field in the particle clusters was ef-
11). We letsM, denote the magnitude of the negative peakfectively reduced by interactions. FORC distributions there-
of a 6M(H) curve, and used this as a measure of interactiorfore provide more detailed qualitative and quantitative infor-
strength.oM, values for the Kodak samplé3able )) indi-  mation concerning magnetic particle assemblages than is
cate increasing interactions with increasing concentration ofvailable with other techniques.
magnetic particles, consistent with oAH , measurements.
However,AH , gives a more precise measure of interactionSACKNOWLEDGMENTS
thansM, : the difference betweedM , values for the 9% I . . .
and 1.5% Il Kodak samples is roughly (0.230.214) This work was supported by the University of
=0.017, whereas the separation betwekH, values is Soythe}mptqn Annual Grants Scheme and th.e Ce_nter for Sta-
(0.783-0.713)=0.070. The standard deviations in the two t|st|qs n Sglence and Technology at the University of Cali-
types of measurement were determined by repeating eaéfim'a’ Davis. The authors are grateful to Dr. Robt_art James
several times on a single sample, giving roughly 0.0012 fop! Eastman Kodak Cpmpany Research Laboratories, Roch-
6M and 0.002 forAH,,. Dividing the above separations by ester, NY, for supplying samples.
the corresponding deviation gives (0.017/0.0622% for APPENDIX A: DISTINCTIONS BETWEEN FORC AND
the 5M method, and (0.07/0.002)35 for AHy. The FORC o p o) o) 5 STRIBUTIONS AND DIAGRAMS
method is therefore at least twice as sensitive in measuring
interactions. A Preisach diagram is a contour plot of a Preisach dis-
Precision is not the only advantage of the FORC methodtribution, which is used in a Preisach model of hysteresis.

On a FORC diagram, the effects of the interaction field meamhere are actually several variations of the Preisach model.
and the interaction field variance are, at least to some apn the basic Preisach model of an interacting single domain
proximation, decoupled. That is, the vertical displacement oparticle system, each particle is represented by a switching
the peak off theH ;=0 axis and the slope of the direction of field and a local interaction field, where the local interaction
contour elongation characterize the mean interaction fieldfjeld at each particle is assumed to be constant. A system of
while the vertical spread of the peak is a measure of thénteracting particles is represented by a distribution of
variance of the local interaction field. By contrast, it is not switching fields and interaction field¥(Hg,,,H;.), which is
possible with asM plot to decouple the effects of the mean referred to as a Preisach distribution. The main objective in
interaction field from that of the local field variance. A sys- modeling a real particle system is to find the Preisach distri-
tem with a positive mean field and no local variance will bution such that the model gives the best possible agreement
have a positivedM curve; a system with a negative mean with that particular system’s behavior.
field will have a negativeSM curve. But as Bertotti and Given a particular particle system, it might seem as
Bassd? and Basset all® have shown, variance in the local though there should be a unique, precisely defined Preisach
interaction field can also lead to a negatié® curve. They distribution to represent that system. This, however, is not
found that even when the mean interaction field is positive, dhe case. The fundamental problem is that the basic Preisach
large enough variance can make #d curve negative. This model does not have a rigorous physical basis. The assump-
appears to be the case with our floppy disk sample: a FOR@on that there exists a constant, well-defined local interaction
diagram (Fig. 2) indicates that this sample has a positived at the site of each moment is not physically valid. The
mean field and a large degree of local field variance. But orassumption that each particle has a well-defined switching
a oM curve, the variance dominates, and the curve is entirelyield is also dubious, because the switching field of a particle
negative(Fig. 11). will be effectively coupled to its interactions with surround-
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ing particles, as discussed earli€fhese shortcomings are try can be corrected to some extent by incorporating a mov-
also shared by the more sophisticated versions of the Preing parameter into the calculations, as is done in the moving
sach mode). Because the basic Preisach model is not a rigPreisach modéft But even with a moving parameter, some
orously valid physical model, the Preisach distribution usedlegree of asymmetry will almost always be present in an
to describe a particular physical system will always be, toexperimentally acquired FORC distribution. Hence, FORC
some degree, arbitrary. In fact, a number of different algodistributions obtained from experimental data will not, in
rithms have been proposed in the literature for calculatingyeneral, be valid Preisach distributions.
Preisach distributions. In summary, a Preisach distribution is
an ambiguously defined theoretical construction.

A FORC distribution, by contrast, is not based on any tx. He, C. Alexander, Jr., and M. R. Parker, IEEE Trans. MagAG-28,
assumptions. It is not part of a theoretical model. It is simply 2683(1992. _
a well-defined transfortfi.e., Eq.(1)] of the set of first order ~ ,R- Proksch and B. Moskowitz, J. Appl. Phy5, 5894(1994.

. . . P. Hejda, E. Petrovsky, and T. Zelinka, IEEE Trans. MadAG-30, 896

reversal curves that is useful in making the structure of these ;994
data apparent to the human eye. 4E. P. Wohlfarth, J. Appl. Phy9, 595 (1958.

Furthermore, on physical grounds a symmetry condition®X.-D. Che and H. N. Bertram, J. Magn. Magn. Matei6, 131(1992.

e ; et FPRS ; : 8M. El-Hilo, K. O'Grady, P. I. Mayo, and R. W. Chantrell, IEEE Trans.
is imposed upon any Preisach distribution: if an applied field Magn. MAG-28, 3282(1992.

history H(t) gives a magnetizatioM(t), then the opposite 7, p mayergoyz, IEEE Trans. MagiMAG-22, 603 (1986.
applied field history—H(t) must give the opposite magne- 8F. Preisach, Z. Phy94, 277 (1935.
tization —M(t). This requires that a Preisach distribution °P.J. Flanders, J. Appl. Phy83, 3940(1988.
: _ . . 10 ogarithmic mean is defined gs=exd [;dx f(x)In(x)] and logarithmic

P(Hgy,Hin) be symmetric about thél;,,=0 axis, which A X 0
corresponds to thel.=0 axis on a FORC diagram. How- standard deviation is defined as=sqr{ f5dx f(x)[In(x)—In(w)]3.

P ) u o 9 o 11F. Vajda and E. Torre, IEEE Trans. MagWAG-27, 4757(1991).
ever, experimental FORC distributions are not, in generalizg, gertotti and V. Basso, J. Appl. Phy&3, 5827 (1993.

symmetric about thél ;=0 axis(e.g., Fig. 2. This asymme- V. Basso, M. Lo Bue, and G. Bertotti, J. Appl. Ph{&, 5677 (1994.
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